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Abstract 
I The \variation of SiO2- among tektites and allied materials suggests ! - 
P X  B t b t  they have passed through 
the sorting of sediments into 
apparently not done by water, 
is suggested that it was done 
Theoretical calculations 
(fraction of the volume not occupied by solid matter) are made for the 
. 
c 
a stage of mechanical sorting, similar to 
silts and sandstones. 
in view of the dryness of tektites. It 
The sorting was 
P 
ash flow. ! 
of pressure, temperature, and voidage 
I 
i 
I .G. 
4- 
dense phase (bulk density 0.5 to 1.0 p/cm3) of an ash flow, assuming a 
steady state, uniform temperature, and steady emission of gas from the 
solid matter. The problem reduces to an ordinary non-linear differential 
equation of the first order; the solution is presented in non-dimensional 
variables, together with homology relationships for the physical para- 
meters. For a constant model, the required gas emissivity is found to 
vary inversely with the square of the gravity. W b ?  
Above the dense phase, there may be a dilute phase consisting of 
gas with suspended particles, having a bulk density of 0.12 gm/cm3 or 
less. The dilute phase is relatively unimportant in terrestrial flows; 
but in a lunar ash f l o w  it is likelyto be the predominant mode of 
transport. 
I 
It is found to be an isothermal pseudo-gas, with a scale 
height on the moon of a few hundred meters. 
This concept will explain the evidence of sorting. It is a lso  
consistent with the fairy-castle structure of the surface, the petrography 
of the Muong Nag tektites, and the morphology of the maria. 
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,1. lhtroduction 
I. 
J 
In a series of geochemical studies, S. R. Taylor and his eo-workers 
[Cherry, Taylor and Sachs, 1960; ; Cherry and Taylor, 1961; Taylor, 
Sachs and Cherry, 1961; Taylor and Sachs, 1962; Taylor and Sachs, 1964; 
Taylor and Solomon, 19643 have brought forward evidence that the silica 
content of tektites varies independently of the other constituents. 
They have s 3 m  a remarkable geochemical coherence between elements which, 
in most rocks, vary independently or in opposite directions, such as 
magnesium and sodium. They find that the chemistry of tektites, apart 
from the content of water and volatiles, can be described as a mixture, 
in varying proportions, of some sort of inkermediate rock, such as a 
shale, with pure Si02. Although the mixture falls in the same range of 
silica content as acid igneous rocks, like granites or rhyolites, they 
find that there are decisive differences in composition. Although their 
work is the most thorough from this point of view, the essential idea is 
not new; and in fact very sinilar opinions were voiced earlier by 
Mueller [1915 1, Loewinsohn-Lessing [ 1935 1, Barnes [ 19391, and others. 
The essential difference in the major elements is that tektites are 
richer in alkaline earths and iron, especially ferrous iron, than granites; 
and they are poorer in alkalies. 
voiced by Barnes to the effect that these peculiarities make tektites 
resemble sedimentary rocks. 
Taylor follows the opinian first 
I 
Barnes [1%6], considering much the same evidence, but also considering 
the aerodynamic evidence of external origin, once proposed that tektites 
should be regarded as sedimentary rocks from some non-terrestrial source. 
. 
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I This idea has not received the at tent ion which it merits; and i n  f ac t  
was abandoned by Barnes himself. The present paper is devoted t o  a 
mathematical study of one version of t h i s  hypothesis. 
important f ac t s  w h i c h  l e t  us elaborate Barnes's hypothesis further:  
There a re  several. 
a. The ex t r a t e r r e s t r i a l  source in question must be the moon, 
even though Barnes postulated an earth-size planet with atmosphere and 
ocean. 
and Anders, 19621 strongly suggests an origin i n  the near v ic in i ty  of 
the earth.  
The absence of cosmogenic isotopes such as A l Z 6  and Bel0 [Viste 
A fur ther  argument of the  same kind follows from Urey's [1957] 
I '  
discussion of the t e k t i t e  strewnfields. Urey pointed out t h a t  a group 
of bodies arr iving frm an ex t r a t e r r e s t r i a l  source ought t o  fa l l  e i the r  
i n  a world-wide pattern, l i k e  a typical  meteor sharer, or i n  a loca l  
pat tern on the order of ten  kilometers or l e s s  i n  dimensions, i f  it 
resul ted from breakup i n  the atmosphere, as i n  the case of numerous 
meteorite f a l l s .  The observed t e k t i t e  patterns are too large for  normal 
atmospheric breakup, and too  small f o r  the kind of breakup i n  in te r -  
planetary space which seems t o  have produced the meteor showers. 
on some nineteenth century work by Roche [Tisserand, 18961, Urey 
Relying 
pointed out that t h i s  d i f f i cu l ty  had i ts  roots i n  the t i d a l  e f fec ts  
of the sun, which would diss ipate  any reasonable shoal of t ek t i t e s .  
To answer t h i s  objection, it was found necessary [O'Keefe, 1961; 
O'Keefe and Shute, 19613 t o  appeal t o  the idea that the t e k t i t e s  
. .  
: ,' 
had been i n  orb i t  around the ear th  before 'they f e l l ;  
in t h i s  case the orb i t s  of the Cyril l ids or  of the sustainer of Col. Glenn' s 
capsule [O'Keefe, 19641 const i tute  examples of bodies which f e l l ,  or a t  least 
appeared i n  the atmosphere i n  patterns which were neither l o c a l  nor 
world-wide. But a body coming from the moon i s  far more l i k e l y  t o  get  
i n to  o rb i t  around the ear th  than one which is somehow captured from 
interplanetary space. Again, the chemical resemblance between t e k t i t e s  
and the c rus t  of the ear th  is considerably closer than between t e k t i t e s  
and meteorites or the sun. For all  these reasons, the  moon is the most 
l i k e l y  source fo r  t e k t i t e s  if they a r e  assumed t o  came from some place 
other than the earth. 
In  the  second place, we note that the chief agent responsible fo r  
giving sedimentary rocks t h e i r  character is t ic  chemistry i s  the  e f f ec t  of 
transportation by a f lu id  [Pettijohn, 19571. It is  the f a c t  that sand 
grains are coarser thm par t ic les  of s i l t  or clay which causes them t o  
be separated by water or air, and thus t o  form the beds of shale and 
sandstone, or sand dunes and loess  which r e s u l t  i n  the d is t inc t ive  
chemistry of sedimentary rocks. 
outside the ear th  implies t h a t  on t h i s  ex t r a t e r r e s t r i a l  body there  ex i s t s  
Tnus t'ne hypoi1iesi.s of s e d L . ~ ~ - r i t a r ~  = ig* 
some f l u i d  capable of transporting rock fragments. 
If we a re  t o  think i n  terms of the moon, then there  i s  only one 
f l u i d  log ica l ly  capable of sor t ing rock fragments; and t h i s  is  the gas 
which is, frm time t o  time, expelled from some lunar cra te rs  [Kozyrev, 
1958; Greenacre, 19631. Liquid water cannot now e x i s t  on the  moon's' 
surface because of the low pressure; and even i f  it had existed at a 
I 
I 
time near the formation of the moon, t h i s  would not provide a solution 
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for  our problem, since, as Tilton [1%8] (using lead, uranium and 
thorium), and Schnetzler and Pinson [1963] (using rubidium and strontium) 
have pointed out, the t e k t i t e  material was different ia ted from a more 
primitive magma only a few tenths of an aeon ago. Moreover, one of the 
most remarkable properties of t e k t i t e s  is  t h e i r  extraordinary dryness 
[Friedman, 19631; they have thousands of times l e s s  water than a typ ica l  
sedimentary rock. A s  the experience of the glass-making industry since 
, .. 
' ( 1  
! .  
, .; 
800 B.C. shows, it i s  ne.cessarily a long precess t o  r i d  a normal rock of 
i t s  water content. Hence we may suppose with sone confidence t h a t  the 
transporting agent was a gas; and i f  the origin was  the moon, it must 
have been a temporary flow of gas, since the moon's surface normally has 
less than 10-I atmospheres. 
T. Gold [1%3! proposed that the maria should be considered as 
fluidized dust produced by weathering and erosion i n  the highland areas 
of the moon and transported t o  the lowlands by some mechanism such as 
an evaporation reaction, micrometeorite shock, or periodic e l ec t ros t a t i c  
charging. This mechanism cannot f'urnish an explanation of the tek t i tes ,  
however, since it w o u l d  not be expected t o  change the Rb-Sr ra t io ,  which 
would then presumably correspond t o  ages of a few b i l l i o n  years. 
A plausible mechanism for  the emplacement of t ek t i te  material 
appears t o  be the ash f l o w  process. 
pa r t i c l e s  of p a r t i a l l y  so l id i f ied  lava, called volcanic ash, may be 
emplaced e i the r  by passage through the air, as  in a normal ash f a l l  of 
the Vesuvian type, o r  by the mechanism of the ash flow, i n  which the 
On the earth, f ine ly  divided 
I .  
mix tu re  of ash and upward flowing gas const i tutes  what i s  called i n  
a- 
I ' * %  
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' industry 
f lu id  of 
thinking 
surface. 
phys i ca l  
even for  
a fluidized bed. The bed behaves, i n  many respects, like a 
low viscosity;  there are other reasons [Cameron, 19641 fo r  
that it may play a s ignif icant  par t  i n  shaping the lunar 
I n  the next two sections, we shall attempt t o  work out a 
theory of ash flows. 
t e r r e s t r i a l  flows, par t ly  because it was not u n t i l  the last  
Such a theory has not yet  been worked out 
twenty years t ha t  there was either the  motive, i n  the form of recognition 
of the great  extent of ash flows, or the opportunity, i n  the form of a 
physical theory of f luidizat ion.  
2. Fluidization and ash flows, general. 
Fluidization [Leva, 19391 i s  a physical process by which par t ic les  
of so l id  matter are suspended i n  a f l u i d  by the motion of the l a t t e r .  A 
cushion i s  provided Setween the sol id  par t ic les  so  that  the mixture 
behaves l i k e  a f lu id  of r e l a t ive ly  lar  viscosity.  
from w emulsion i n  the f a c t  that it is only s table  w h i l e  the f l u i d  is  i n  
motion; it nom,auy involves much larger par t ic les  thm e z ~ ~ s i n z  (frm 
100 microns t o  a centimeter or more). 
or a gas; i n  the present paper we shal l  deal only with gases. 
A fluidized bed. d i f f e r s  
The f lu id  may be e i ther  a l iqu id  
If sand is  spread over an air f i l ter  i n  a box, and gas i s  passed 
through from underneath, there i s  a t  f i r s t  no disturbance of the sand. 
This phase i s  called the fixed bed. 
see is increased, there comes a value Gmf, called the f l o w  for  m i n i m u m  
f luidizat ion,  a t  which the,character  of the mass changes abruptly t o  a 
pseudo-fluid, i n  which waves can be set  up, which' w i l l  f l o a t  l i g h t  
obdects, and which tends t o  form a level  surface. 
A s  the gas flux, measured i n  gm/cm2 -- 
, 
A t  this poikt we have 
, 
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the  dense phase of the fluidized bed. 
the mass has decreased only fractionally--say 10 t o  30 percent, as compared 
with the fixed bed. 
Ordinarily the overall  density of 
If the flux is  increased, the f low i s  seen t o  become irregular ;  bubbles 
of gas rise through the bed and burst .  
I f  the flow of gas i s  f'urther increased, there r e su l t s  an extremely 
disturbed and i r regular  regime, which terminates when the flow becomes 
s o  rapid as t o  carry off  the sand grains. The l a t t e r  point is  reached 
when the velocity of the gas a t  the surface of the bed becomes greater 
than the order of magnitude of the ra te  of f a l l  of the sand grains under 
Stokes's  Law. 
phase; the  so l id  matter now occupies l e s s  than 5$ of the t o t a l  volume, 
and it is  no longer stationary, but is carried along w i t h  the gas flat. 
This process is called sluggin&. 
Beyond t h i s  point is  a regime which is called the d i lu t e  
I n  calculating the properties of an ash flaw, the voidaqe, or f rac t ion  
of the mass which i s  not occupied by so l id  matter, i s  of primary importance. 
For fhe fixed bed, the voidage may be as muchas 40% i f  the par t ic les  a re  
spiny or  irregular,  as with volcanic shards (pa r t i c l e s  or' ash). 
minimum fluidization, the voidage i s  l i k e l y  t o  be near 6oq6; and a t  the 
upper l i m i t  of the dense phase, the voidage i s  from 75$ t o  8@. 
d i l u t e  phase, the voidage is, as mentioned, 95% or more. 
and 954 no experimental s tudies  have been successfUl i n  describing the 
Properties of the gas-fluidized bed; i n  OUT discussion we will assume 
that the dense phase ends at  a surface with I 80$ voidage, above which is 
the d i l u t e  phase. 
A t  
In the 
Between 8O$ 
I . 
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Ash flows are, then, a geophysical application of the process of 
fluidization. 
of f luidization, since the terminology postdates the e a r l i e r  geological 
studies.  It appears, however, t ha t  both kinds occur; on the earth, the 
d i lu t e  phase is,we suspect, exemplified by the c lass ic  outburst of Mont 
Pelge [Lacroix, 19041; the dense phase is then exemplified by the great  
Geologists have not distinguished between the two types 
' 
sand flow" ( t o  use the obsolete tern) which formed the Valley of Ten I 1  
Thousand Smokes [Griggs, 1921 1 . 
3 .  Mechanics of ash flows: the dense phase. 
A full discussion of the mechanics of an ash flow would involve 12  
simultaneous partial d i f f e ren t i a l  equations, o r  9 i f  it is  r e s t r i c t ed  
t o  2 dimensions. 
par t icu lar  case, there is  the important d i f f i cu l ty  of gaining any under- 
standing of ash flows as phenonena from the  great var ie ty  of solutions 
I n  addition t o  the d i f f i cu l ty  of solving them for any 
which these equations would yield, depending on the boundary conditions. 
In the present paper, therefore, the attempt is  made rather  t o  study what 
i s  going on a t  a typ ica l  point i n  an ash flow i n  which the ash has no 
ve r t i ca l  motion. Several important simplifying assumptions a r e  made. 
F i r s t ,  it is  assumed t h a t  the mass i s  a l l  at the same temperature. 
So far as the so l id  par t ic les  a re  assumed, t h i s  assumption i s  j u s t i f i e d  
by the observed f ac t  t ha t  the cooling of an ash flow i s  a conspicuously 
slow process, even on the 'ear th .  
common t o  find that the material remained hot and p l a s t i c  so  long that 
it welded the separate ash par t ic les  in to  a s ingle  mass; such bodies are 
I n  the center of an ash flow, it is 
. ,. . .: 
' .  ,  
. 1- 
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called welded tu f f s .  On the moon, the low thermal conductivity of the 
cuter layers is  such tha t  the surface is  able t o  maintain a temperature 
difference of 100' Centigrade betveen points a few centimeters apar t  
during the whole lunar day (a for tnight) .  Thus the cooling of the solid 
matter w i l l  be very slow. Since the t o t a l  mass of gas is  not l i k e l y  t o  
exceed 1$ of the so l id  matter, and since it i s  i n  intimate contact w i t h  ' 
the f ine ly  divided solid,  it i s  clear that the gas w i l l  a l so  maintain a 
uniform temperature throughout the period of a day or  so  while the flow 
is  occurring. 
Second, it is  assumed that the solid matter does not move. 
It i s  not implied that  there is n o  m o t i o n  of the individual par t ic les ,  
of a random kind, but ra ther  that there i s  no bulk upward or l a t e r a l  
motion of the mass, such as t o  change the  bulk density, fo r  example. The 
pa r t i c l e s  are,  however, outgassing steadily.  
With these assumptions, we first  write the equation of hydrostatic 
equilibrium 
where p is the pressure, the same f o r  the  gas as fo r  the  sol id;  g the 
acceleration of gravity; p the gas  density, and ps the  bulk density of 
the  so l id .  
with depth i s  due t o  the increased weight,of t he  ve r t i ca l  column above. 
This equation simply asser ts  that the increase of pressure 
If poo is  the density of an individual so l id  par t ic le ,  then 
- 10 - 
(2) Ps = ( 1 - E )  Po, 
where is the voidage. 
In practice we shall neglect the gas density by caparison with 
that of the solids; the error is of the order of 1% at worst, and usually 
much less, especially on the moon. 
We write the gas l a w  as 
- m  ( 3 )  p - P 
where R is the universal gas constant, T the Kelvin temperature and m the 
m molecular weight. We will treat 5 as a constant within any one f l o w .  
The gas is assumed to be predominantly steam. 
Next is the equation of continuity for the gas. If we were coasidering 
merely the flow of gas through a wide pipe, we would have 
where v is the gas velocity. 
grams per unit area and per unit time passing a given point is the same 
throughout the column under consideration. A siaFlar equation holds in 
This equation asserts that the number of 
our case, even though the voidage changes, since v is the average flow, 
not the (undeterminable) velocity in a passage. Allowing for the emission 
of gas at a rate of q grams of.gas per gram of solid matter 
. .  . .  
, 
. .  
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where q i s  assumed constant, because of the coxtancy of temperature. 
Substi tuting fo r  Ps from (l), we have, neglecting the gas density 
Integrating over y from y = 0, where p = po and v = 0. 
The above equations are perhaps obvious; the next, and last, of the 
determining equations, (8 ) ,  beluw, is l e s s  so. The flow of a gas through 
a porous medium obeys Darcy's Law 
i n  which 
comparison w i t h  the  f irst  term. 
equation of Leva [LB~, p. 483, 
is  the porosi tx  of the medium. Here pg is  again negligible by 
The porosity is implici t ly  given by the  
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where D is  the pa r t i c l e  diameter, Q a shape factor, which w e  here take 
t o  be 0.8. 
W h i c h L C  uni ty  i f  apgropriate units are used in the  English or t'ne metric system. 
P S 
(Leva's equation a l so  includes a factor g i n  the denominator 
C 
We thus have 4 equations, namely (l), ( 3 ) ,  (7), and ( 9 )  fo r  the four , 
yknowns €, p, v and p. 
t o  the voidage by the t r i v i a l  equation ( 2 ) .  
The bulk density of the solids,  ps, is related 
To solve, we eliminate by comparing (1) and (g), neglecting the  
dY 
gas pressure 
We subs t i tu te  ( 3 )  in (7), and ob ta in  
W e  solve (10) fo r  v, and subst i tute  t h i s  r e s u l t  i n  (ll), remembering 
Let 
g2 D2 p s  G2 Po0 m 
RT 20Wq (13) F = - . Y 
and 
Then 
In order to trace the variation of physical constituents along a 
column through the dense portion of the ash flow, we begin by assuming a 
base pressure PO. 
all of the ash. 
bed. 
the voidage becomes equal to 0.6, i.e., where 'il = 0.340. 
This is the pressure at the ground level underneath 
Above it for a certain distance there will be a fixed 
We assume that minimum fluidization takes place at %he level  yhere 
F, which will 
be constant throughout the column, may be calculated from the known 
parameters of the problem, and accordingly we can find the pressure p at 
the level of minimum fluidization using (13).  The conditions in the fixed 
bed are not of great importance for the history of the ash f l o w .  
take a value of ymf, the height at which fluidization begins, by assuming 
that the voidage averages 0.5 over this distance, ard therefore, using 
Hence we 
i 
(1) m d  (2), and integrating over y 
- 14 - 
Density a t  the l eve l  of minimum fluidization can be calculated from (2)  
adopting a value of 0.60 for  the voidage a t  minimum fluidizat ion [Leva, 
1959, f ig .  2-6, p.211. By the application of (l), i n  the  form 
, 
we can determine the pressure a t  the next higher step, assuming second 
differences can be neglected. 
t o  calculate 7 ,  and then the determination of the voidage a t  the next 
s tep  resolves i t s e l f  i n to  the solution of the th i rd  degree equation (14). 
A t  the new l eve l  we can employ (15) 
When we consider the equations (13) - (13), it appears, a t  f irst ,  
t ha t  the integration of Q i n  terns  of y mst be carried out for  a range 
of values of F, po, and poog; i.e., t h a t  a t r i p l e  i n f i n i t y  of curves are 
required. 
given, the function 7 ,  and hence E ,  depend only on p/p . 
instead: of y, i n  (I?), we use the non-dimensional variable 
It turns  out, however, from (15) t h a t  once a value of  F is 
1 
Tneu if, 
0 
Y - gPoo (18) y = -
PO 
we .find 
I 
I .  
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so tha t  the var ia t ion of p/po w i t h  respect t o  7 is a function of c 
only. 
We can now prepare a graph (Fig. 1) showing the var ia t ion of e 
w i t h  7 f o r  various values of F; on the graph can be drawn the values of 
p/po. 
spot checked by hand computation. 
The computations fo r  t h i s  graph were carried out on a 7 0 9 ,  and 
To use 
a. 
b. 
C. 
d. 
e .  
f .  
of pa r t i c l e  
s i ze  of the 
g -  
the graph we first determine F. 
m w i l l  normally be 18.016 fo r  steam. 
R i s  the gas constant, 8.317 x l o7  f o r  cgs uni ts .  
T may be taken as ll23%, according t o  F. R. Boyd [1961]. 
h 
Po, is  near 2.4. , 
g * 162 f o r  moon, 9 0  f o r  ear th  i n  cgs uni t s .  
D should be taken near the lower end of the d is t r ibu t ion  
. P  
s ize , ,s ince it i s  the smallest par t ic les  that control .the 
passages. Say D = 0.01 cm. 
a _ ,  the shape factor, may be estimated from p. 47 of Leva's 
P 
b 
book; say 0.8. 
1 
; with t e r r e s t r i a l  flows it appears tha t  it must be i n  the v i c in i ty  of 
! 
grams of gas per gram of solid per second. 
W e  next choose a value of po. This i s  equal t o  the t o t a l  s t a t i c  
pressure exerted by the f l o w  on i t s  base, and can be estimated w i t h  some 
' h. p = 4.0 x fo r  steam a t  1123'. 
i. The value of q cannot be estimated a pr ior i :  from cmparison 
confidence, if the thickness o f  the flow is  specified. 
g in  hand, we can calculate 
With po, poo, and 
We enter  the f o r  any specified value of y. 
. 
,- . 
- 16 - 
graph w i t h  and F, and take out the values of  c and p/p . 
a t  once calculate the sol ids  density and the gas pressure; from the 
l a t t e r ,  using (3), we obtain the gas density; and' from (7) the gas 
From these we 
0 
velocity. 
If we wish t o  compare phenomena on the ear th  with those on the 
moon for  a given thickness ( i n  grams per cm2) of ash, then since po is 
proportional t o  g, the r a t i o  of y t o  w i l l  be the same i n  the two cases. 
The difference w i l l  then depend on the change i n  F. Hence it appears 
t ha t  an ash flow on the moon w i l l  be similar t o  one on the earth, other 
things being equal, i f  q i s  increased inversely as the square of the 
r a t i o  of the two values of g. Since the l a t t e r  r a t i o  i s  1/6.036, it 
follows that the amount of gas required t o  f lu id ize  an ash flow on the 
moon i s  1/36 of that required on the earth.  
f 
D r .  Ph i l ip  Cressy has kindly pointed out some arithmetical  blunders i n  
This re la t ion  was pointed out by 0' Keefe and Cameron [1963]. 
that  paper, which caused about a factor of 10 overestimate of the steam 
I 
density and hence the gas f l o w  required f o r  minimum fluidizat ion and a 
s imilar  underestimate of the duration and distance of the f l o w .  I n  
addition, a voidage of 0.2 was assumed, instead of 0.6, which would have 
again halved the density and gas f l o w ,  without great ly  changing the duration 
or extent.  These corrections tend to  strengthen the  argument of that 
paper, which, s o  far as ash flows are concerned, is  a first approximation 
t o  the model presented here. I 
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Tables l a  and l b  present a comparison of the dense phases of a 
t e r r e s t r i a l  and a lunar ash flow. The constants have been s o  chosen i n  
the t e r r e s t r i a l  flow as t o  make the value e = 0.8 occur quite near a 
pressure of 1 atmosphere, i.e., at the  ground l eve l .  The c r i t i c a l  
! 
constant is  the gas emissivity q fo r  which we have taken 3.56 x 
which makes F = 1. 
the same t o t a l  mass per square centimeter (and hence a value of p 
In the lunar flow, the calculation has been made fo r  
about 
0 
1/6 as grea t ) .  The parameter F i s  reduced by the fac tor  (gmoon/gearth l2 
t o  .0274. The calculation shows that a voidage of 0.8 is  reached 
a t  a pressure which i s  over 90% of the pressure a t  the base of the flow. 
It follows that the d i lu t e  phase w i l l  be of great importance in the lunar 
case. * ,  
In any case, there  w i l l  be a s ignif icant  d i lu t e  phase with a lunar 
ash flow, as may be seen by considering (7) .  
(PO - p) w i l l  approach some constant values. 
and hence by ( 3 ) ,  p w i l l  a l so  tend t o  zero, s o  t h a t  the  equation must 
be balanced by a marked increase of the gas velocity v. 
resembles a vacuum cleaner. 
Near the top  of the flow 
But p w i l l  tend t o  zero; 
' 
The process 
A s  soon as v r i s e s  above the velocity of 
fa l l  of the ash par t ic les  (as mentioned above) the ash begins t o  be carried 
away. I n  the absence of a top pressure, t h i s  w i l l  always happen; and 
thus the  d i lu t e  phase w i l l  always play.some r o l e  i n  a lunar ash flow; as 
we see from Table lb,  it may form the major par t  of the  flow. 
! 
. 
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4. Mechanics of ash flows: the  d i lu t e  Thase. 
In  the d i lu t e  phase, it is  s t i l l  possible t o  regard the gas-dust 
mixture as isothermal, since the heat l o s t  during a flaw, due t o  a l l  
causes, is s t i l l  negligible compared t o  the heat content. A small amount 
of heat i s  l o s t  by the escape of the f luidizing gas; but since the t o t a l  
amount of gas i s  of the order of 14 of the rock, the lo s s  is  not very 
great.  Some more is  l o s t  by r ad ia t ion .  An idea of the effectiveness of 
radiat ion cooling can be gained from the cooling of the moon's surface 
during the lunar night; it reaches only t o  depths corresponding t o  less 
than 1 gram/cm2. In our case, the absolute temy;erature is some 4 times 
higher, which implies cooling which goes some 250 times faster ,  and would 
reach comparable depths i n  an hour or so. Cooling by conduction i s  less' 
t h m ' o n  the moon, since the dust par t ic les  a re  not i n  contact. Cooling 
by convection cannot take place in  a l u n a r  flaw, since the gas i s  evolved 
from the so l ids  and therefore i s  a t  the same temperature because the 
i s o t h e r m i  case has bee:? accepted &hove for  the sol ids .  In a t e r r e s t r i a l  
ash eruption of small size,  the mixing of a i r  with the  volcanic gases may 
lead to cooling; but i n  such a case we have, not an ash f law,  but an ash 
f a l l .  
The expansion of the gas i t s e l f  would tend t o  cool the mass; 'out, 
as noted above, the gas i s  only 14 a t  most by weight; hence cooling by 
expansion is  a l so  negligible. 
The gas-dust cloud thus remains isothermal. It i s  probably turbulent, 
and therefore well-mixed, both because the process of l iberat ion,  by 
slugging, is irregular,  and because the Reynolds number, Re, given by 
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is  high. For example, p is  of the order of 
For L, the  shortest  length which it i s  reasonable t o  take is  the scale- 
height, H, which, as we shall see, is  of the order of lo4 centimeters. 
Thus Re i s  something l i k e  lo7, and the flow is  expected t o  be turbulent. 
v, lo2, and p, 
The adiabatic l a w  
. .  
i 
does not d i f f e r  s ignif icant ly  from the i s o t h e d  l a w  (Boyle's Law) 
i n  our case because the  exponent y is the r a t i o  of the specif ic  heat of 
the mixture a t  consttiilt pi-ess-xe f,n i t s  specif ic  heat a t  constant volume. 
With a large admixture of dust, as here, the shecif ic  heat is  largely that 
of the so l id  matter, which i s  almost completely independent of the pressure; 
hence y is  very nearly 1. 
We may therefore calculate the scale  height of the d i lu t e  phase by 
the l a w  fo r  an isothermal atmosphere. 
Halley' s original  formfiation, namely 
The eas ies t  approach i s  t o  use 
'6 . 
b 
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In the d i l u t e  phase, the bulk density is substant ia l ly  t h a t  of the 
I sol id matter, i .e . ,  the gas density may be neglected 88 usual. Then 
which ,  f o r  e = 0.9, becomes .125 @;m/cm3. The pressure, i n  the lunar 
case of Table l b  is  about 550,000 dynes/cm2; i n  the  t e r r e s t r i a l  case, 
Table la, a b o u t 1  million. The scale height, If, is thus 
. 
P, 
ps Q 
We find 270 meters for  the moon, and about 80 meters fo r  the earth.  The 
same r e s u l t  could be reached, though l e s s  direct ly ,  using the conventional 
formula 
L 
provided t h a t  we adopt a f i c t i t i o u s  molecular weight w h i c h  averages the 
dust  par t ic les ,  each as a single molecule, i n to  the mean molecular weight, 
The d i l u t e  phase may occur i n  t e r r e s t r i a l  flows. To investigate 
t h i s  question, we make use of the formulas of Cook [I9611 fo r  calculating 
the compaction i n  a t e r r e s t r i a l  ash flow. The compaction, c, is  defined 
as the  r a t i o  of the f ina l  thickness, TQ, of the ash flat deposit (on a 
l e v e l  or low area) t o  the normal thickness, Tn, possessed by the flaw 
while m a v i n g  
I 
(26) Tnc = Ti 
If there is a topographic high standing a t  a height H above the  l e v e l  
or low ground, the thickness of the flow while it is  i n  motion w i l l  here 
be reduced t o  Tn - H; the  final thickness over the high, 51, w i l l  be 
given by 
. 
If Ti, %, and H a re  measured, we can deduce c. 
Lacroix [l9&] gives a thickness, Ti, of only 30 centimeters fo r  the 
ash deposit a t  the mouth of the Riviere Blanche from the great  eruption 
of Mont Pelde, in 1902. 
of the f l o w  may be estimated from the f a c t  that near St .  Pierre  the evidence 
of mechanical destruction ceased a t  about the 19-meter contour, and was 
The t o t a l  thickness, Tn, of the ac t ive  region 
much diminished even a t  150 meters. 
huge clouds, discussed by Lacroix, extending several kilometers above the  
It should be noted tha t  the conspicuous 
f low,  are almost insignif icant  i n  considering i t s  action; they were 
undoubtedly much more d i lu t e  than w h a t  we a r e  here cal l ing the dilute 
phase. 
1 - e  < 0.003, allowing for  voidage in  theldeposits. Thus e > 0.997. The 
The compaction from the above figure would be 0.003, and 
estimate is  unsatisfactory because the ash deposit was much less a t  S t .  
P ie r re  than a t  the R i v i h e  Blanche; on the other hand, it neglects t he  
' 
. ~. ... . . . .. - -.. . . . . ._ ... 
~ ~ ~ 
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L 
ash carried out to sea and the local terrain height under the flow. 
Nevertheless, it is clear that the Peldean flow was dilute. 
Cook's calculations show, however, that most deposits of welded 
dtuff involved values of c between 0.26 and 0.49, and thus correspond to 
i' 
, 
the dense phase of fluidization. 
In the lunar case, we would expect that a dilute flow would always 
form above the dense flow. 
lack of air resistance, the dilute phase would normally go faster down- 
slope than the dense phase. 
the dilute phase; any reduction in the pressure of the dilute phase 
would cause the velocity of gas outflow to increase again, and hence 
restore the dilute phase pressure. 
Owing to its greater mobility, and the complete 
But the dense phase would continually renew 
. The end result might well be that 
I 
the whole f l o w  would be converted to the dilute phase. 
Something of this kind may explain the topographic relations seen / 
around the Hadley Rill (Fig. 2 )  described by W. S. Cameron [1964!, in 
which the rill diminishes steadily as we go down from the.source, until 
it vanishes. 
(the Palus Putredinis) 
A sheet of some kindAcovers the whole region u i i f G i T i i j  
and extends downward toward Archimedes. The rill may have been eroded 
by the motion of the dense phase, as Mrs. Cameron has suggested; and its 
diminution may reflect the pseudo-evaporation by which the dense phase is 
converted to dilute phase. The covering sheet of mare material may be 
the deposit'frm the dilute phase. 
I 
5. Sorting in lunar ash flows. 
We are now ready to take up the problem of sorting, as implied by 
Barnes' s hypothesis. Three mechanisms should be examined. 
- 23 - 
a. Segregation. According to Leva [1959!, p.107, the result of 
prolonged fluidization is to segregate a bed so that the smallest particles 
are at the top and the larger ones underneath. 
shows that there is a marked variation in the percentage of crystals 
within a given ignimbrite sheet. 
Cook [1961] Fig. 17-20, 
b. Elutriation. This is the differential blowing away of the 
fine particles. 
the gas flow exceeds the free-fall velocity of the particles. In the 
It occurs, as might be expected, when the velocity of 
presence of a range of particle size, it is obvious that the smaller 
particles will go into the dilute phase before the larger ones. The 
. significant correlations are with gas velocity and fines diameter, as 
would be expected. 
significant in thin beds. 
It is also clear that elutriation w i l l  be most 
Numerical evaluation is, however, very unfavorable. The rate of 
elutriation is given, according to Leva, p.124, by 
A 
(28) log 2~ = - k6 
CO 
i 
! 
, I  
where Co is the original concentration of fines, C the final concentration, 
0 the time, and k a constant. Significant elutriation requires k0 at the 
order of 1. Leva gives (p.128) 
. I  
I' 
i 
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of the particles in the bed in inches, Lmf is 
feet, k is in inverse minutes, Uf is the fluid 
where Db is the diameter 
the height of the bed in 
velocity, 'and Ut the terminal velocity of the particles in the fluid at 
rest. 
The maximum value of the parenthesis is of the order of 1; for 
= 2.5 x and L = lo2, it is clear that k will be less than lo'* Db 
minutes, so that elutriation will require hundreds of hours. Thus 
elutriation is not likely to play a significant role in a dense, thick 
bed. 
. 
c. Thirdly, we may consider sorting in the dilute flaw. Though 
no industrial formulae are available, it is clear that in spite of 
turbulence there will be a tendency for the largest particles to settle 
out flrst, and the smaller ones afterward, just as in terrestrial aeolian 
deposits, which also sort in spite of aerodynamic turbulence. It is 
highly probable that the ash deposited from the dilute phase of a lunar 
ask, f7_c%? is snrted by size, partly as a result of segregation in the dense 
phase, partly as a result of elutriation, but especially as a result of 
differential settling rates. 
6. Conclusions 
a. Since the magma from which the ash.flow comes may well have 
been more acid than terrestrial magmas [Walter, 19641, it is reasonable 
to suppose that the crystals w d d  .be predominantly quartz.' Then sorting 
by size in a dilute flow, as described above, will explain the tendency 
to which Taylor and others have drawn attention, for the silica content 
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of t e k t i t e s  t o  vary from specimen t o  specimen, independently of the 
other constituents, while almost a l l  the others vary together. 
b. This process, carried t o  extremes, could produce the Darwin 
glass or the Libyan deser t  glass .  
c. Fine par t ic les ,  deposited a t  a temperature of the order of 
1120% i n  a hard vacuum as described here would lose the i r  vo la t i les  
rapidly. Hence w e  can understand t h e  low content of water and other . 
vola t i les  in t ek t i t e s .  It i s  th i s  character is t ic  which makes it possible 
t o  form dense glasses from them, and s o  distinguishes them from nearly 
a l l  natural t e r r e s t r i a l  materials. 
d. The compact structure may be the r e su l t  of welding by 
collapse of the porosity, as i n  a t e r r e s t r i a l  welded t u f f .  
e.  Material deposited from the d i lu t e  phase would be bedded, 
l i k e  t e r r e s t r i a l  aeolian deposits; it might, therefore, resemble the 
Muong Nong m t e r i a l ,  especially i f  flow had taken place a f t e r  deposition 
and even welding. 
of the hard vacuum on the moon would keep the material hot for  a long 
time. 
be much greater than i n  t e r r e s t r i a l  flows, but the t i m e  would be much 
greater .  Some ash flow tu f f s  show evident t races  of flow. 
Flow would be expected because the effect ive insulat ion 
Flow i s  a function of viscosity and time; the viscosity might not 
f .  The lack of scarps around the maria accords with w h a t  would 
be expected. 
g. The "fairy-castle structures" which Hapke has invoked t o  
explain the  Lunar photometric f'unction were produced by him i n  the laboratory 
I 
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by permitting par t ic les  t o  settle aut of a gas, i.e., in the same manner 
as here contemplated. 
be explained this way. 
It is evident that the surfaces of the maria can 
It is  puzzling t h a t  the highlands should resemble the maria so 
closely in t h e i r  photometric properties. 
the cloud depends on the  r a t i o  of dust t o  gas. 
dust falls  out toward a l imit ing value of about 800 kilometers. 
height the mean f r ee  path would certainly great ly  exceed the diameter of 
the ash par t ic les ,  so that they would no longer be supported. 
l imit ing density is  about 
height of 10 km, dust m i g h t  be deposited on the tops of the  highest 
mountains. The required surface density of water is 1 gm/cm3, or a 
t o t a l  of 380 h3; a very large terrestrial ash f l o w  may l ibe ra t e  a 
comparable volume of water. 
a very t h i n  coating of the same material found in  the maria. 
Note that the scale-height of 
It w i l l  increase as the 
A t  t h i s  . 
The 
gm/m3; with t h i s  density and a scale 
Hence the lunar highlands may be covered with 
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Table 1 a 
Terrestrial Case , 
, J  .. 
( .  
I '  
Height Voidage Pressure . Gas Density Gas Velocity Solids Density G 
(4 ( dynes /a2 1 (gm/(==l (cm/sec) (@/cm=> 1 .. 
0 0.50 3.56 x 10' - 0 1.20 
1062 0.60 . 2.31 x io6 4.46 x io-* 1.22 0.96 
1500 , ' 0.66 1-93 3-72 1 -59 0.82 
2000 0.72 1.56 3.00 2.42 0.68 
I 
2500 1 0.76 1-25 * 2.40 3-50 0.57 
i 
2972 'Ir 0.80 1.00 1.93 4.82 . 0.48 
Table 1 b 
Lunar Case 
Height Voidage Pressure Gas Density Gas Velocity Solids Density 
(a> (dynes/cm2) (@pl/cm=) (cm/sec> (bP/cm3) 
0 0.50 0.59 x 10' 0 -  1.20 
1.11 
1.09 
0.33 0.75 
0.56 0.58 I 
330 .0.80 0.55 1.06 0.81 0.48 
I 
I i 
.i' 
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1 
1 
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